Except in species that have undergone evolved loss, paired lobed centers referred to as ''mushroom bodies'' occur across invertebrate phyla [1] [2] [3] [4] [5] . Unresolved is the question of whether these centers, which support learning and memory in insects, correspond genealogically or whether their neuronal organization suggests convergent evolution. Here, anatomical and immunohistological observations demonstrate that across phyla, mushroom body-like centers share a neuroanatomical ground pattern and proteins required for memory formation. Paired lobed or dome-like neuropils characterize the first brain segment (protocerebrum) of mandibulate and chelicerate arthropods and the nonganglionic brains of polychaete annelids, polyclad planarians, and nemerteans. Structural and cladistic analyses resolve an ancestral ground pattern common to all investigated taxa: chemosensory afferents supplying thousands of intrinsic neurons, the parallel processes of which establish orthogonal networks with feedback loops, modulatory inputs, and efferents. Shared ground patterns and their selective labeling with antisera against proteins required for normal mushroom body function in Drosophila are indicative of genealogical correspondence and thus an ancestral presence predating arthropod and lophotrochozoan origins. Implications of this are considered in the context of mushroom body function and early ecologies of ancestral bilaterians.
Results and Discussion
In insects, mushroom bodies ( Figures 1A and 1B) are paired lobate centers. Each comprises a stalk (pedunculus) branching to 2-5 lobes made from thousands, sometimes hundreds of thousands, of approximately parallel processes originating from minute perikarya clustered above the dorsal surface of the forebrain [1] . Domed centers, also comprising many thousands of parallel fibers, occur at corresponding levels in malacostracan crustacean forebrains ( Figures 1C and 1G ) [2, 3, 6] . Paired lobate centers also occur in the asegmental brains of annelids [5, 6] and Platyhelminthes (flatworms) and in the forebrain of Onychophora [7] . Here, we address whether these centers across Arthropoda and certain Lophotrochozoa possess structural correspondences supporting homology and whether these centers are likely to have existed in a bilaterian ancestor before the advent of the Cambrian explosion.
To explore correspondences, we first identify unique neural arrangements in paired, lobed, or domed forebrain centers that are accorded the term ''mushroom bodies'' (insects) and ''hemiellipsoid bodies'' (crustaceans). Four invariant characters define these centers' ground pattern (Figure 1) . Clusters of basophilic globuli cells ( Figures 1F and 1G ) giving rise to intrinsic fibers extending throughout the center provide approximately parallel arrangements ( Figures 1H-1K ). Intrinsic fibers contribute to an orthogonal network with arborizations of extrinsic (input/output) neurons ( Figures 1H  and 1J ) and centrifugal cells that loop back to more distal levels thereby forming feedback pathways ( Figures 1D and  1E ). The ground pattern is further defined by enriched expression of proteins essential for learning and memory functions in Drosophila ( Figures 1F, 1G , and 2), namely, protein kinase A catalytic subunit alpha (DC0) [8] ; Leonardo (Leo) [9] , the ortholog of mammalian 14-3-3z; and calcium/calmodulindependent protein kinase II (CaMKII) [10, 11] . Genealogical correspondence across phyla would be strongly supported if paired forebrain neuropils shared this composite ground pattern of structural organization and protein expression patterns.
Morphological Correspondence of the Mushroom Body Ground Pattern across Arthropoda
Golgi impregnations and Bodian silver stains demonstrate in insects, myriapods, and chelicerates lobate centers, and in decapod domed centers, surmounted by dense accumulations of globuli cells, each of which provides a long thin axon-like fiber. Fibers contribute to successive layers of local circuits involving orthogonal arrangements of efferent and afferent arborizations (Figures 1F-1K ; Figures S1A, S1C, and S1F-S1H available online) [2, 3] . Layers are supplied by interneurons originating in primary sensory neuropils as well as by afferents from other protocerebral areas. Golgi impregnations reveal centrifugal processes linking different levels within these structures ( Figure S1F ). These arrangements all correspond to the mushroom body ground pattern ( Figures  1D and 1E ) [2] . DC0, pCaMKII, and Leo Immunoreactivity Resolve Mushroom Body-like Centers across Arthropoda Antibodies against the proteins DC0, CaMKII, and Leo also identify centers defined by the mushroom body neuronal ground pattern. Previous studies [3, 12] showing that insect mushroom bodies and their crustacean homologs are exceptionally immunoreactive to antibodies raised against DC0 suggested that DC0 expression at comparable levels should resolve paired forebrain centers in other arthropod taxa as well ( Figures 1F and 1G) . Likewise, because Drosophila DC0 protein and its mammalian ortholog, PKA-Ca are 82% conserved [13] and because the protein kinase A gene sequence is retained across Metazoa [14, 15] , the localization of this enzyme should allow the detection of candidate homologous neuropils even across phyla. Another protein, CaMKII, is highly conserved throughout the Bilateria, with its regulatory domains sharing nearly identical amino acid sequences in Drosophila and rat [16] . CaMKII impacts numerous neuron functions, including synaptic plasticity and induction of longterm potentiation [11] . Similarly, Leo, necessary for olfactory learning and memory, is greatly enriched in Drosophila mushroom bodies, working in concert with CaMKII to activate tyrosine hydroxylase [9, 17] . This 14-3-3 protein is highly conserved across the vertebrate and invertebrate species (with 88% conserved amino acid sequence between Leo and the mammalian 14-3-3z isoform [9] ) and is also exceptionally enriched in the hippocampi of mammals such as mice, where a deletion in 14-3-3z results in cognitive deficiencies [18] . Mammalian orthologs of PKA-Ca, 14-3-3z, and CaMKII are implicated in a number of human neurological diseases and disorders, such as autism, Alzheimer's disease, and Angelman syndrome, which can cause learning and/or memory complications [19] [20] [21] . Due to the conserved nature of these proteins, both in amino acid sequence and in their roles in learning and memory in insects and mammals, and their enriched expression in mushroom bodies compared to other neuropils, they should prove useful as markers for putative mushroom body homologs in other phyla. Thus, a palette of neuroanatomical and immunohistochemistry methods can be been used to compare neural organization across species and track the occurrence of mushroom body characters within a neural cladogram. DC0, phosphorylated CaMKII (pCAMKII), and Leo antisera were applied to vibratome sections of brains of representative taxa from each major arthropod group, Insecta, Malacostraca, and Myriapoda (Mandibulata), and to Scorpiones, Amblypygi, and Uropygi (Chelicerata). An earlier study showed the insect mushroom bodies (exemplified by Periplaneta americana) and crustacean hemiellipsoid bodies (exemplified by Coenobita clypeatus) selectively resolved by DC0 immunoreactivity, with their distalmost levels surmounted by basophilic globuli cell clusters (Figures 1F and 1G ; [3] ). Mushroom bodies of P. americana are also highly immunoreactive to antisera against pCaMKII and Leo ( Figures 2E and 2G ). pCaMKII is enriched in the hemiellipsoid body of C. clypeatus ( Figure 2F) ; however, Leo immunoreactivity could not be determined in this tissue. Paired lobate centers that are intensely immunoreactive to DC0 and originate from beneath dense clusters of basophilic cell bodies are resolved in the protocerebrum of the chilopod Scolopendra polymorpha and the diplopod Narceus americanus (Figures 2A and 2B ). These centers are likewise highly immunoreactive to antisera against CaMKII and Leo ( Figure 2H ), thus demonstrating that Myriapoda and Pancrustacea (Hexapoda + Crustacea sensu lato) share corresponding mushroom body protein expression.
The second major arthropod subphylum is Chelicerata, represented by marine and terrestrial taxa but best known for arachnids, such as spiders, scorpions, amblypygids, and uropygids. Here, anti-DC0 was applied to the brains of the African amblypygid, Phrynus marginemaculata, and the striped-tail scorpion, Hoffmannius spinigerus ( Figures 2C  and 2D) , both exemplifying the diversity of lobed neuropils typical of chelicerate protocerebra [6] . Their lobed centers are intensely DC0 immunoreactive. Sister group to the amblypygi are Uropygi (vinegaroons), whose enfolded mushroom body lobes are resolved with antisera against pCaMKII and Leo ( Figure 2I ). With the inclusion of these taxa, DC0, pCaMKII, and Leo are shown localized to mushroom bodies in Mandibulata and Chelicerata.
As evidenced by comparable immunoreactivity in the brain of the fig beetle, Cotinis mutabilis, which possesses the sense of olfaction [22] , and in the anosmic whirligig beetle, Dineutus sublineatus [23] , DC0 immunoreactivity is elevated in the mushroom bodies regardless, indicating that this protein's expression in mushroom bodies is independent of sensory modality ( Figures S2A and S2B ).
Lophotrochozoa
Bilaterians are generally divided into taxa that follow a deuterostome or protostome pattern of development. Protostomes are further divided into Ecdysozoa, to which arthropods belong, and Lophotrochozoa, which includes annelids, planarians, and nemerteans [24] . Polychaetes, Annelida The supraesophageal but asegmental brains (''acron'') of polychaete annelids possess centers characterized by thousands of minute processes originating from dense clusters of small basophilic somata. The processes extend in parallel to the main lobe and then adopt an orthogonal organization intersected by afferent and efferent arborizations as well as centrifugal elements between their different levels ( Figure S3 ). These features correspond to the mushroom body ground pattern. In sabellid and polynoid polychaetes, chemosensory receptor neuron axons from the head appendages terminate in discrete glomeruli occupying lobes immediately caudal to the mushroom bodies [5, 6] . However, in certain other polychaetes, including Nereis virens, corresponding glomeruli flank the mushroom body pedunculus and lobes from which intrinsic fiber processes extend out to grasp them ( Figures S3A-S3C ). Using N. virens as a representative taxon, brains embedded for immunocytology were treated with antisera raised against DC0, pCaMKII, and Leo. Each of these proteins was enriched in the mushroom bodies, corresponding to the arthropod pattern of expression ( Figures 3F, S3D, and S3E) . Platyhelminthes, Polycladida These triploblastic acoelomates lack segmentation or specialized sensory appendages but have well-defined anterior brains surrounded by a sheath ( Figure 3A) . The brains possess prominent paired centers that are DC0 positive (Figures 3B-3D) . In Notoplana sanguinea, each center originates from a cluster of minute basophilic somata situated outside the surrounding sheath. About 300 thin processes extend from these cell bodies into the brain, reaching the brain's midline, with some processes crossing the brain's midline. A second lobe expands ipsilaterally into a broader terminus. Reduced silver reveals an organization like that of a small mushroom body: parallel fibers intersected by other neuronal processes. However, there is no evidence that sensory interneurons supply the lobes. Rather, the arrangement of globuli cells and the initial segments of parallel fibers outside what is interpreted as the blood-brain barrier suggest that the distal parts of the intrinsic neurons directly receive information about the chemical composition of the immediate environment. Nemerteans, Heteronemertea Nemerteans (roundworms) are unsegmented, predatory animals possessing complex brains, comprising of a pair of dorsal and ventral lobes that lie flat in the head capsule [25] . In Lineus viridis, a structure called the cerebral organ, which contains tightly packed somata corresponding to globuli cells, is attached to each dorsal lobe posteriorly. Applications of DC0, Leo, and pCaMKII antisera to sectioned neural tissue of L. viridis resolve the dorsal lobes and cerebral organs, together possessing the highest concentration of these proteins ( Figures 3E, S3F , and S3G), with DC0 most concentrated in the cerebral organ, which may correspond to the calycal layer of insect mushroom bodies. Leo and pCaMKII are most concentrated in the dorsal lobes.
Resolution of Mushroom Bodies by Anti-Leo, pCaMKII, and DC0 Although 14-3-3 proteins are involved in a wide range of molecular pathways, studies suggest that high levels of Leo expression in the mushroom bodies are acutely necessary for olfactory learning and memory, whereas lower expression levels are sufficient for the normal function of other cell types [26] . However, CaMKII and DC0 are ubiquitous among cell and tissue types. Why these proteins are resolved at such exceptionally higher levels, differentiating them from the surrounding neuropils, is still open to interpretation.
CaMKII has a multitude of functions in various cell types, but important for learning and memory is the necessity for autophosphorylation of this protein at the postsynaptic density in order to achieve long-term potentiation of neurons [27] . It is possible that antisera used in this study against autophosphorylated CaMKII localize at high levels in the mushroom bodies because these structures are involved in learning and memory and their intrinsic cells must have constitutively phosphorylated CaMKII to achieve synaptic plasticity.
In its inactive form, PKA exists as a holoenzyme consisting of two catalytic subunits negatively modulated by two regulatory subunits. Upon binding cyclic AMP (cAMP), the holoenzyme dissociates, leaving the catalytic subunits free to phosphorylate various substrates, including transcription factors, synaptic vesicle proteins, and voltage-gated or ligand-gated ion channels [28] . One possible explanation for the relatively high immunoreactivity of the DC0 antibody in learning and memory centers is that the epitope might only be available in the dissociated, active form of the catalytic subunit and that PKA is persistently active to a large extent in these structures. For example, persistent PKA activity may be achieved by increased production of cAMP during synaptic plasticity as well as during ubiquitination of regulatory subunits, leading to degradation in the proteasome and an overall higher ratio of catalytic to regulatory subunits [29] .
Although high levels of DC0 have previously been reported in the mushroom bodies of D. melanogaster [8] and PKA has long been implicated in a role for synaptic facilitation across the Metazoa [28, 30] , it is significant that all the protostome groups studied here share the character of having paired lobed centers in the protocerebrum that show extremely high DC0 immunoreactivity. This shared trait and the fact that such centers share neuroanatomical characters imply that a last common ancestor of all protostomes possessed such centers.
In insects, a persistently high ratio of PKA catalytic to regulatory subunits may allow for the integration of sensory information to form associations. If even the simplest mushroom bodies, such as in planarians, likewise support learning and memory, then we might conclude that this functional property is likely to be ancient. The polyclad mushroom body can usefully serve as a proxy for such a structure in the brain of the lophotrochozoan-ecdysozoan ancestor, the ground pattern of which has been conserved across invertebrate phyla, irrespective of evolved elaborations (Figure 4) . Such elaborations include the absence, presence, or multiplication of levels, such as the calyces, to receive unimodal or multimodal inputs. In [24] . The polyclad flatworm, Notoplana sanguinea, serves as a proxy for the ancestral protostome MB ground pattern (upper left). This MB is characterized by small basophilic globuli cells, giving rise to parallel, intrinsic fibers forming the lobe. The polychaete MB (N. virens) is lobed and comprises parallel intrinsic fibers from globuli cells, distal efferent inputs, and efferent, afferent, and centrifugal neurons in its lobe. These features comprise the MB ground pattern. Evolved modifications of this ground pattern, exemplified by Insecta, are shown to the right. In insects whose MBs serve a single modality, such as the case in the mayfly, Potamathus luteus, the MBs receive primarily olfactory sensory afferents distally. Centrifugal neurons provide feedback from parallel fibers to this distal level. Elsewhere, organization is like that of the ancestral type (lower left). Certain taxa, exemplified by the diving beetle, Thermonectus marmoratus, have evolved a secondary loss of olfactory receptor neurons and a consequent loss of antennal lobes and thus projections to the MBs. They have retained parallel fibers, efferents and afferents to the lobes and centrifugal cells. Multisensory elaboration is exemplified by Hymenoptera, such as the wasp, Polistes flavus. Additional modalities supplying distal levels of the MB are served by additional parallel fibers, resulting in great increases in volume. In contrast, certain taxa, such as the whirligig beetle, Dineutus sublineatus, reveal an evolved modality switch where the MBs serve the integration of exclusively visual information. As indicated by the color coding, all these modifications are derived from the ancestral ground pattern. Filled black circles in front of species names indicate taxa in which an evolved loss of MBs or HBs has occurred, as in spiders, branchiopod crustaceans, and Archaeognathan insects. certain taxa, directly relayed sensory input to the mushroom bodies has been lost [1] or, as in whirligig beetles, has switched from one modality to another [23] .
Based on the conserved pattern across invertebrate phyla of DC0, pCaMKII, and Leo expression in centers having a corresponding neural ground pattern, we conclude that the last common ancestor of the ecdysozoans and lophotrochozoans also possessed that ground pattern. Relatively high expression of learning and memory proteins suggest that, when present, mushroom body-like centers support learning and memory as they do in insects and that these centers enabled early bilaterians to form multisensory associations, particularly in the more complex, turbid and evolving ecologies typifying the end Ediacaran and early Cambrian [31] . Indeed, the novel ability to form and act on sensory associations likely contributed to the rapid diversification of animal evolution, which is known as the ''Cambrian explosion.'' If protostome bilaterian forebrains are denoted by paired mushroom bodies, are the forebrains of deuterostomes likewise endowed? That the ancestral bilaterian brain possessed a tripartite organization is supported by molecular evidence showing that orthologous genes required for fore-, mid-, and hindbrain are present in both protostomes and deuterostomes [32] . Cellular organization in mammalian hippocampus and insect mushroom bodies suggests forebrain correspondence [6] . Homologous transcription factor gene expression in the developing mushroom bodies of the polychaete Platynereis dumerilii and the developing mouse pallium, and to some degree in the mushroom bodies of D. melanogaster [33] , resolves conserved tissue patterning related to corresponding gene expression and the differentiation of comparable neurons. High levels of proteins expressed in mushroom bodies also denote the mammalian hippocampus (G.H.W. and N.J.S., 2014, Society for Neuroscience Annual Meeting, abstract). Our current research now focuses on whether this chordate forebrain center might share sufficient correspondence with mushroom bodies to suggest homology.
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